Abstract: Endolysins as a class of antibacterial enzymes are expected to become a very useful tool for many purposes to control spreading of, e.g., multiresistant bacteria in different environments. Their antimicrobial properties could be broadened or altered by mutagenesis, domain swapping or gene shuffling. Therefore, the specific designing of endolysins to achieve their desired properties is challenging. This work is focused on the in silico analysis of protein domains presence in sequences of phage and prophage endolysins, followed by the study of variety of domain combinations in the individual endolysin types. The multiple sequence alignment of endolysin sequences revealed the recognition of sequence types with typical domain arrangement and conserved amino acids, divided according to the target substrate in bacterial cell walls. The five protein families of catalytic domains are specifically occurring in dependence of bacterial Gram-type. The presence, types and numbers of binding domains within endolysin sequences were also studied. The obtained results enable a more targeted design of endolysins with required antimicrobial properties.
Introduction
The increasing spread of antibiotic multiresistant bacterial strains raises the question of alternative treatments that would be useful to control bacterial spreading in the most affected areas. Recent data indicate that endolysins also have such a potential as an alternative of antibiotics -enzybiotics (Meng et al. 2011; Oliveira et al. 2012) . The incidence of bacterial resistance is eliminated by the use of these antibacterial proteins.
Such enzymes work from the outside environment on Gram-positive bacteria where they are able to make direct contact with the cell wall carbohydrates and peptidoglycan, whereas the outer membrane of Gramnegative bacteria prevents this interaction (Schuch et al. 2002) . But once outer membrane of Gram-negatives is compromised, they also become highly sensitized to enzyme action from outside (much more than Grampositive bacteria) due to the thinness of their peptidoglycan (Briers et al. 2007; Lai et al. 2011) . These enzymes are therefore applicable to eliminate bacterial contaminations from the environment, foods or surfaces, where the presence of antibiotic resistant bacteria is a serious problem. Endolysins isolated so far are remarkably heat stable (up to 60
• C) and it is relatively easy to produce them in a purified state and in large quantities, making them thus suitable to these applications (Ye & Zhang 2008) .
Sequence organization of endolysins is mostly dependent upon bacterial Gram-type. The Gram-negative ones generally consist of a catalytic domain alone. The Gram-positive endolysins have modular structure with catalytic and cell wall binding domains. The N-terminal catalytic module with catalytic activity is directed to hydrolysis of the peptidoglycan cell wall, whereas a Cterminal binding module anchors the enzyme on the target cell envelope (Loessner 2005) . This structure of endolysins allows for changing the binding specificity and enzymatic activity by replacing the domain from another endolysin (Croux et al. 1993; Horgan et al. 2009 ). In some cases, a deletion of a fragment of the C-terminus could improve their catalytic activity (Low et al. 2005) , because of the domain structure, where different domains could 542 B. Vidová et al.
be swapped/exchanged, resulting in endolysin with different specificities. This was achieved experimentally by Hermoso et al. (2003) , producing the swapped catalytic domains of endolysins from S. pneumoniae phage. The resulting enzyme had the same binding domain, but was also able to cleave different bonds in the peptidoglycan. Such capability allows a huge potential in designing enzymes with desired specificity and cleavage options. Furthermore, there are several other strategies for engineering enzymes, for instance, random mutagenesis and targeted mutagenesis (Bloom et al. 2005) . These methods might also be used for modifying basic functions of endolysins. There is an evidence that substrate binding and catalytic domains are interchangeable, allowing the creation of new chimeric lytic enzymes of both intra-and inter-generic origin with new or improved properties. These functional enzymes demonstrate that domains can act independently . The knowledge about a sequence arrangement is therefore the important starting point for the potential improvement of an endolysin by targeted protein design. In fact, endolysins are useful antibacterial agents with high potential to be implemented in medicine, food safety or agriculture.
In this regard, this work was aimed at showing the vast diversity among endolysin sequences originated from bacteriophage genomes and also from bacterial ones, where phages, or their parts, are integrated in. We have focused on defining numbers and types of domains present in the sequences of endolysins by the in silico analysis, as well as the variety of combinations that currently (November 2013) compose the individual endolysins. We believe that this is the first study that shows the most complex relations on how endolysin sequences are organized, which cell wall binding domains are present as well as how importantly the conservation of single amino acid residues within single domains reflects the specificity (from host species to bacterial clades) of single types of endolysins. On the other hand, if bacteria tolerate such foreign sequences of one of their natural enemies, bacteriophages, within their own genomes, will they adjust or combine catalytic and binding domains arrangement for their own defence against other bacteria? If yes, which way and how would it be helpful for future direct preparation of modified chimerical enzymes applicable in our everyday life and safety?
Material and methods

Collecting the sequences
For the in silico analysis the retrieved endolysin protein sequences from the NCBI database (November 2013), each of which is predicted as a single endolysin, were used. The set of sequences was divided into two groups. The first group comprised all available sequences belonging to bacteriophage orders Caudovirales (families Myoviridae, Siphoviridae and Podoviridae) and to the unassigned family Tectiviridae. None endolysin was present in the rest of prokaryotic viruses' families classified by McGrath & van Sinderen (2007) . The final studied group contained 251 sequences of phage endolysins (Table 1) . The second group consisted of 8,173 sequences of prophage endolysins occurring as a part of genomes of all bacterial clades listed in Table 2 .
Sequence alignment
Multiple sequence alignment of all phage and prophage sequences was carried out using the ClustalX algorithm (Jeanmougin et al. 1998 ) by CLC Main Workbench software (CLC bio, Denmark). Clearly identified different similarity patterns of endolysin sequences in this overall alignment led us to divide sequences into different sequence types according to their catalytic and auxiliary domains. Sequences of appropriate types were aligned by ClustalW programme (Thompson et al. 1994 ) and obtained consensus sequences of each type were analysed by PSI-BLAST tool (Altschul et al. 1997) and Conserved Domains database (CDD) search (Marchler-Bauer & Bryant 2004) . Where they were identified there the glycoside hydrolase families were assigned according to the CAZy database (Lombard et al. 2014) . Catalytic residues were identified according to results of PSI-BLAST position-specific score matrix.
Evolutionary analyses
The package MEGA 5.2 (Tamura et al. 2011 ) was used to calculate the neighbour-joining (Saitou & Nei 1987) phylogenetic trees applying the Jones-Taylor-Thornton model (Jones et al. 1992 ) of the amino acid changes. Molecular sequence distances were calculated according to the pdistance. Reliability of tree topologies was evaluated using the bootstrap test (Felsenstein 1985) with 100 replications. Phylogenetic trees were generated in the Phylip format.
Protein structures
For protein secondary structure prediction, the Viterbi algorithm of hidden Markov model (Bystroff & Krogh 2007) implemented in CLC Main Workbench software (CLC bio, Denmark) was used. Structures were retrieved from the Protein Data Bank (PDB) (Rose et al. 2011) . Threedimensional structures were visualized by MarvinSpace 5.11.3 (ChemAxon, Hungary) and sequence-structural features were generated by WebLab ViewerLite (Accelrys Ltd., UK) or by Molegro Molecular Viewer (CLC bio, Denmark).
Results
In the beginning, there is a bacteriophage with its system of proteins responsible for action indispensable for its survival, liberation of progeny from infected host bacteria. Endolysins, one part of this lytic system, are hydrolases that cleave peptidoglycan. Conserved sequence patterns observed in multiple sequence alignment of tested set were identified by CDD database (Marchler-Bauer & Bryant 2004) and then subsequently annotated to each obtained sequence type that served for their classification. These included glycoside hydrolases (GHs) that are targeted to the polysaccharide backbone (lysozymes/muramidases), alanine amidases targeted to the initial L-alanine of the pentapeptide stem, peptidases/endopeptidases targeting on subsequent peptide bonds in the stem or cross bridge, and also some endolysins with domains of as yet unknown function. According to organization of appropriate catalytic domains (Tables 3-6 ), these could be classified into groups, each with a unique combination of other mostly binding domains. Arrangement of domains reflected reliance on Gram staining type of bacteria and also on affiliation of bacterial clades (Table 1) . Bacterial genomes are composed of a core of species genomic backbone accompanied by a variety of genetic elements including prophages (Casjens 2003) . Throughout the vast majority of all bacterial clades there were observed highly conserved domains of peptidase VanY (73%) and endolysin-autolysin (50%) ( Table 2) .
The highest variability of domain types was observed in Betaproteobacteria clade, where lysozymes, amidases and peptidases can be found. Bacterial clades covered mainly (42%) Gammaproteobacteria and Firmicutes, and therefore the variability of domains is not surprising. Only five clades do not contain any endolysin sequences, other Proteobacteria, Chrysiogenetes, Tenericutes, Chlamydiae and Gemmatimonadetes, but these comprised small numbers of members (5%). The type of present endolysin domains also depends on clades. Firmicutes prefer GH25-muramidases to degrade bacterial cell walls by catalyzing the hydrolysis of β-1,4-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues, e.g. GH25 Cpl1-like (cd06415), Cpl-7 (pfam08230), GH25 LytC-like (cd06414) and GH25 LysA-like (cd06417). The members of Gammaproteobacteria prefer to keep endolysin autolysin (cd00737) catalytic domain.
The following sections are devoted to individual domain types. They are divided according to the enzymatic activity of endolysins: the lysozyme domains, GH25 muramidases, alanine amidases and peptidases. In each of these domain categories we identified typical catalytic domains and by the in silico approach we characterized their sequence similarities, catalytic residues and their occurrences under the purview to the family of phages and host strains. We also determined the presence of auxiliary domains, occurring with a specific catalytic domain.
Lysozyme domains
Lysozymes are GHs (EC 3.2.1.17) that catalyze the hydrolysis of β-1,4-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in the peptidoglycan. Therefore, the function primarily is bacteriolytic. Lysozyme sequences used in this study are mostly formed by a single-domain with both catalytic and binding sites. The typical members are endolysins with domains of lysozyme-like superfamily (cl00222): bacteriophage lambda lysozyme (cd00736), vast majority of endolysin-autolysin catalytic domains (cd00737), COG3179 -chitinases, COG3772 -muramidases, and COG4623 soluble lytic transglycosylases. Except of these single domain lysozymes, some other domains were found to be accompanied by binding domains, e.g., endolysin-autolysin (cd00737) with LysM domain, lytic transglycosylases-goose egg-white lysozymes (LT-GEWL; cd00254) with MltE and PGbinding1 domains; Glyco-hydro 108 (pfam05838) and zliS (COG3926) both with PG binding3 domain. Majority of bacteriophages that possess endolysins with mentioned types of domains are infective for Gammaproteobacteria, Betaproteobacteria and Alphaproteobacteria, typical Gram negatives of phylum Proteobacteria (Table 1) . Lysozyme sequences types of lysozyme-like, bacteriophage lambda lysozyme and endolysin-autolysin (Table 3) were dominantly linked to Gram-negative Proteobacteria.
Endolysins with lysozyme-like domain (L1) belong to lysozyme-like superfamily (cl00222, cd00442) that is involved in the hydrolysis of β-1,4-linked polysaccharides. This catalytic domain included lysozyme-like endolysin sequences encoded by Caudovirales phages. Distribution of the bacterial hosts differs significantly. The main representative of the host bacterial families were Enterobacteria, Burkholderia, Escherichia, Klebsiella, Caulobacter, Pantoea, Aeromonas, Acinetobacter and Salmonella, all from the superphylum Proteobacteria (Alpha-, Beta-and Gamma-proteobacteria). Catalytic domain-like lysozyme, chitinase and endolysinautolysin have a common ancestor (Fig. 1) .
Single domains of lysozyme-like endolysins were selected and then the secondary structure prediction of each one was performed and sequences were finally aligned. Catalytic residues were located N-terminally in the alignment position 14 (GenBank Acc. Nos. EFX34398, EFX11522 and ZP 07660023) and position 11 (GenBank Acc. No. ZP 07045089). Some highly conserved amino acid residues were apparent (blue-marked in Figure 2b ), mainly in regions rich in polar amino acids (e.g., serine, threonine e, asparagine and glutamine). Interestingly, highly conserved pattern NXG in position 101-102 and 117-119 did not form a part of predicted secondary structures. The latter could be responsible for stacking interaction with substrate, Nacetyl-D-glucosamine, as confirmed by the structure of lysozyme (PDB code: 154L A; Weaver et al. 1995) on positions 147 and 148 (Fig. 2b ).
Lysozyme sequences with bacteriophage lambda lysozyme (L2), endolysin-autolysin (L3), chitinase (L9), muraminidase (L10) and LT GEWL (L12) are subfamilies of lysozyme-like superfamily.
Endolysins with bacteriophage lambda lysozyme domain (cd00736) -as other lysozymes -catalyse the hydrolysis of the β-1,4-glycosidic bond between Nacetylmuramic acid and N-acetylglucosamine. But unlike the other lysozymes, bacteriophage lambda one uses the 6-OH of the same MurNAc residue to produce a 1,6-anhydromuramic acid terminal residue and is, therefore, a lytic transglycosylase (Blackburn & Clarke 2001) . This domain was well conserved in all studied representatives. Lower degree of conservation was evident in two last C-terminal α-helices, whereas a higher conservation was seen in the N-terminal α-helices and β-sheets. The highest homologies were observed in loops throughout the entire domain.
The catalytic site was represented by the E19 and the N-acetyl-D-glucosamine binding site was composed by amino acids: E19, G39, Q68, L70, Y77, Q98, N122, I123, A125 and Y135 (GenBank Acc. No. EGI16261). According to Evrard et al. (1998) , in bacteriophage lambda lysozyme the glutamic acid in the position 19 (E19) is the essential catalytic residue and the N34 is the potential candidate for the second catalytic residue. In the group of aligned phage endolysin sequences of bacteriophage lambda lysozymes studied here (host bacterial strain Gammaproteobacteria; data not shown), the catalytic residue was located in the alignment as E19. In the vicinity of the catalytic site, highly conserved residue N34 also occurred, that could be assumed as the second catalytic residue. This domain was broadly similar to the group of lysozyme-like endolysins of Burkholderia phages (Betaproteobacteria clade).
Endolysins with endolysin/autolysin domain (cd00737) (L3) of the analysed set preferable originated from phages and prophages integrated into Gramnegative bacterial genomes of family Enterobacteriaceae. Interestingly, some sequences were also found possessing this domain with two C-terminal binding domains, LysM (cd00118) (L4). This modular arrangement was observed in cases of phages with Grampositive hosts, Bacillus phages PZA, ϕ29, B103, and in Bacillus amyloliquefaciens phage Morita2001. In the studied set of sequences, very high degree of similarity was observed in the alignment of this domain, independent of the predicted secondary structures. Catalytic residues were located at positions E34 and T49 (GenBank Acc. No. AFB83853). Near the catalytic sites, there was a highly conserved motif GXT (positions 53-55), that was found in all phage and prophage sequences, except for the Bacillus amyloliquefaciens phage Morite2001 with GHY motif.
The next observed lysozyme catalytic domain was the one called zliS (COG3926) (L7), which often occurred with the family GH108 (L5) catalytic domain (pfam05838). Phages with this domain in endolysin sequences belong to family Podoviridae, whilst host spectrum was specialized in genere Brucella and Erwinia belonging to the bacterial clades Alphaproteobacteria and Gammaproteobacteria, respectively. According to Pei & Grishin (2005) , catalytic residues E11 and N20 (PDB code: 4LZM; Bell et al. 1991) are present in the zliS domain. Based on this the catalytic site of Glu11 could be predicted in the endolysin of Brucella phage Tb.
Another domain in the lysozyme-like domain su- 3 . The sequence logo of family GH25 muramidases. In studied set of endolysin sequences the GH25 muramidase 1 family (cd06413), the LysA-like (cd06417), LytC-like (cd06414), and Cpl1-like (cd06415) were identified. Active site residues are labelled with asterisk; red rectangle indicates the proline rich region. perfamily was COG3179 -chitinase (EC 3.2.1.14). This domain was typical for endolysins of phages infecting bacteria of the genera Pseudomonas, Salmonella and Escherichia (all belonging to Gammaproteobacteria), and one representative of Betaproteobacteria (the genus Burkholderia). The presence of COG3179 domains was identified in the sequences of phage endolysin families Myoviridae and Podoviridae.
The chitinases cleave β-(1,4)-glycosidic bond between N-acetyl-glucosamine units of chitin. It was therefore surprising to find this kind of enzymes in endolysin sequences, because this structure is not typically seen in bacterial cell walls. Interestingly, except for Mycobacterium, Corynebacterium, all GH19-containing endolysins belong to the phages infecting Gram-negative hosts, primarily Pseudomonas (Payne & Hatfull 2012).
Finally, as an exception to what was mentioned above, lysozyme type L15 is an exclusive representative of Gram positive Firmicutes, Streptococcus pyogenes and Streptococcus mitis, that consisted of Acm model (Lysozyme M1, COG3757) with PlyB (cd06523) domain. The PlyB, a bacteriophage endolysin that displays a potent lytic activity towards Bacillus anthracis (Porter et al. 2007) , has an N-terminal family GH25 catalytic domain, with active site located in positions D74, R99, Y139, Y141, D172, E174, Y203, W223, Q248, and D263. The PlyB domain belongs to the superfamily GH25 muramidases (cl10448). The L15 type was present only as a prophage endolysin.
GH25 muramidase domains in endolysin sequences GH25 muramidases were another identified polysaccharide backbone targeting endolysins, endo-N-acetylmuramidases, that belong to the superfamily (cl10448) containing the family GH25 catalytic domain. These peptidoglycan hydrolases degrade bacterial cell walls by catalyzing the hydrolysis of β-1,4-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues. Catalytic sites were located typically for the family GH25, with a few differences between subfamilies (Fig. 3) .
Endolysins with this catalytic domain were prevalent in phages infecting bacteria of the genus Enterococcus and Streptococcus, differing from each other in the second amino acid of the active site (Q/K). Within the phage family Siphoviridae in bacterial genera Enterococcus and Lactococcus, there were substantially highly conserved regions of homology, while in the same family of phages in bacterial genera Streptococcus, Lactococcus and Clostridium a considerable variability in the chain beside the active site was observed. Despite the previous argument, in the sequences of tested muramidases highly conserved amino acid residues alanine and glycine remained enabling thus a greater conformational flexibility in the chain. Apart from this family of phages, GH25 muramidase sequences also occur in the families Myoviridae (bacterial genus Bacillus) and Podoviridae (bacterial genus Streptococcus). In the endolysins with this domain of the family Podoviridae phages there were substantially highly conserved regions of homology. At the C terminus there was a highly conserved proline-rich region which likely contributes to stabilization of the protein.
Within the studied set of endolysin sequences there were identified subfamilies GH25 muramidase1 (cd06413) in types M1 to M6, GH25 muramidase LysAlike (cd06417) in type M7, GH25 muramidase LytC-like (cd06414) in types M8 to M13, and GH25 muramidase Cpl1-like (cd06415) in types M14 and M15 (Ta-ble 4). Purified pneumococcal phage lysin, GH25 Cpl1 (GenBank Acc. No. NP 044837), has been successfully used as an enzymatic antimicrobial agent (the so called "enzybiotic") against streptococcal infections (Resch et al. 2011 ). The subfamily GH25 muramidase1, muramidases of types M1 to M3 and M14 (Table 4) , were confirmed to occur exclusively only in the Gram positive Firmicutes infective phages. The rest of obtained sequence types were identified in bacterial genomes of Firmicutes, Actinobacteria and Green non-sulphur bacteria (Table 2) .
Generally, catalytic domains were located N-terminally, alone or accompanied by secondary domains. Muramidase types M12, M13 and M15 were exceptions to this, with GH25 LytC-C and GH25 Cpl1-like catalytic domains located at their C-terminus.
In endolysin sequences of GH25 muramidase1 sequence types there were identified also seven auxiliary domains with presumed binding functions arranged in combination or repetitively. The first one was LysM domain (cd00118), a small globular domain with approximately 40 amino acids involved in peptidoglycan binding in bacteria. The domain was originally identified in enzymes that degrade bacterial cell walls (Buist et al. 2008 ). This domain was observed alone in muramidase type M2, in combination with other domains in types M3, M4, and M11, or repetitively in type M14.
The SH3 3 domain (pfam08239, a member of the superfamily cl02551) is another domain occurring in M3 and M6 muramidases types. Its function is not still well understood, but it has a putative peptidoglycan binding function. The region bound by the SH3 domain is in all cases proline-rich and contains PXXP as a coreconserved binding motif ).
The Cpl-7 superfamily domain was identified in muramidases types M4, M5 (with one repetition), and M11. This domain was originally found in the Cterminal moiety of the Cpl-7 lysozyme encoded by the Streptococcus pneumoniae bacteriophage Cp-7. It is assumed that these repeats represent cell wall binding motifs although no direct evidence has been obtained so far (Bustamante et al. 2010) .
A model that may span more than one domain, COG5263, and that is not actually assigned to any domain superfamily, was identified in muramidase sequences type M9. Glucan-binding is the predicted general function with YG repetition motif as a typical feature (Bolotin et al. 2001) .
The S-layer homology domain, (SLH; pfam00395), was found in muramidase types M10 and M13. The NlpC/P60 family domain (pfam00877) was a part of types M11 and M15. The LysM domain/BON superfamily protein, PRK11198, was identified in M14 muramidase type, where the first LysM domain was a part of it. Unfortunately, the function of these domains is also unknown.
Alanine amidase domains in endolysins
They comprised endolysins having following catalytic domain sequences: cysteine, histidine-dependent amidase/peptidase (CHAP; pfam05257), MurNAc-LAA (COG5632), peptidoglycan recognition proteins (PGRP; cd06583), AmiC (COG0860), Ami 2 (pfam 01510) and Ami 5 (pfam05382). Amidases are considered to display a broader spectrum of enzymatic activities than other classes of endolysins because of the very frequent presence of the amide bond between N-acetylmuramic acid and L-alanine in peptidoglycan (Navarre et al. 1999) . The representatives of endolysins with alanine amidase activity studied here also exhibited the strong dependence on Gram type of host bacteria, and all strictly belonged to the Gram positives from two bacterial clades Firmicutes and Actinobacteria.
The CHAP domain (pfam 05257) occurred in a variety of protein architectures. It was often associated with bacterial type SH3 binding domains and several types of amidase domains. Proteins containing CHAP domain, therefore, use a cysteine residue in the catalytic mechanism of the nucleophilic attack (Bateman et al. 2003; Rigden et al. 2003) . This domain contains two invariant residues: cysteine and histidine. These residues are a part of the putative active sites of proteins containing a CHAP domain. Secondary structure prediction indicates that the CHAP domain is an α/β structural class, where the N-terminus consists predominantly of predicted α-helix and the C-terminus is mainly composed of the predicted β-sheets (Bateman et al. 2003; Rigden et al. 2003) .
Endolysins with this domain type were encoded by phage families Siphoviridae, Podoviridae and Myoviridae that infect bacterial genera Staphylococcus and Streptococcus. Domain sequences were similar within staphylococcal phages of the family Siphoviridae and Podoviridae, in comparison to Myoviridae. Phylogenetic analysis indicated the most significant similarity of CHAP domains of Staphylococcus phages S13' (GenBank Acc. No. BAL42323), S24-1 (BAL42302), phiMR11 (BAF33253, BAF95158) and 80 (ABJ88906) to Streptococcus phage M102 (ABD48923) (data not shown).
Results from the aligned sequences of phage endolysin alanine amidase domains are given in Figure 4 . As expected, catalytic cysteine and histidine residues are highly conserved forming a part of the active site domain (Bateman et al. 2003; Rigden et al. 2003) . The proline residues P55 and P61 separated the Nterminal α-helical part from the C-terminal part with β-sheets. In the N-terminus, in the position 33-35 of the alignment, highly conserved amino acid residues AKD are present as a part of the predicted α-helices. The C-terminus (predicted β-sheets) involved the catalytic residue H79, followed by V83 and E96, where β-strands were ended. The succeeding highly conserved motif QN(W)XG then passed into a loop. The presence of the tryptophan in this motif distinguishes the genus Staphylococcus from Streptococcus (lacking the tryptophan).
The next alanine amidase domain, N-acetylmuramoyl-L-alanine amidase (MurNAcLAA) was mostly present in endolysin sequences from phages infecting Fig. 4 . Alignment web logo of phage CHAP domains. Catalytic residues are marked with asterisks. Highly conserved residues AKD (a part of the predicted α-helices) are highlighted in red rectangle; highly conserved motif QN(W)XG is signified in blue rectangle; blue arrows point out the residues flanking the predicted β-sheets. Fig. 5 . Alignment web logo of MurNAcLAA catalytic domains (cl02713). Catalytic residues are marked with asterisks; red rectangle points out the highly conserved amino acids specific for Clostridium spp. phage endolysins.
bacterial genus Clostridium. In addition, they also occurred in endolysin sequences of phages infecting bacterial genera Bacillus and Listeria. Phages with this domain in endolysin sequences belonged to families Myoviridae (host genus Clostridium), Siphoviridae (host genera Clostridium and Listeria) and also Tectiviridae (Bacillus phage AP50).
Endolysins with MurNAcLAA catalytic domain contained zinc-binding active site. Mayer et al. (2011) characterized the active site residues H9, E26, H84 and E144 (endolysin catalytic domain CD27L derived from Clostridium difficile phage ΦCD27), that were also involved in binding zinc. In all MurNAcLAA sequences, endolysin phages infecting genus Clostridium have highly conserved leucine and tyrosine (Fig. 5) . Active and zinc-binding sites as well as H10, E23, H79, and E141 (catalytic domain of Listeria monocytogenes phage PSA) were characterized for Listeria phage PSA (Korndorfer et al. 2006) .
The alanine amidase endolysins with PGRP domain (cd06583) were predominantly encoded by phages of bacterial genera Lactococcus and Propionibacterium and, in addition, also by the phages of bacterial strains of Enterococcus and Streptomyces, which are representatives of the Gram-positive bacterial genera. The PGRP domain in endolysins of Siphoviridae phages that infect specific bacterial strains from Firmicutes and Actinobacteria was also present here. Within the PGRP endolysin domain of phages infecting Actinobacteria, high incidence of proline-rich regions distributed evenly throughout the sequence of the catalytic domain was seen.
According to the identification of catalytic residues within PGRP domain (Fig. 6a) , it was possible to observe species diversity of phage bacterial hosts. With regard to the bacterial host genus, in phage endolysins of Lactococcus hosts, there was an active site composed of H19, A46, H122, T128 and C130 (Lactococcus phage CB14, GenBank Acc. No. ACU46890). In the PGRP domain of phages of the other hosts, such as Streptomyces, Enterococcus and Propionibacterium, the catalytic/active sites have kept both histidine residues conserved, but they differed in the rest of amino acids. Alanine was conserved in Propionibacterium phage domain, but in Streptomyces and Enterococcus there were tyrosine and threonine, respectively. Threonine and cysteine of Lactococcus and Streptomyces domains were substituted by histidine and aspartic acid in phage PGRP domain of Enterococcus and Propionibacterium.
The entire catalytic site of the PGRP catalytic domain also serves as a substrate-binding site (Cheng et al. 1994.) . From the phylogenetic point of view, the presence of this domain was seen as dependent on the genus of host bacteria (Fig. 6b) . Endolysin PGRP catalytic domains of phages that infect Lactococcus were based on one branch similar to those of phages infecting Propionibacterium. It can be concluded that the phage PGRP endolysins can maintain their taxonomy.
Majority of alanine amidases studied here, types A1 to A4 (Table 5) , belonged to the superfamily MurNAc-LAA (cl02713). Active site residues defined for the sequences A1-A4 are H3, E18, H77, and E146, the first three playing also a role of a metal binding site (Fig. 5) . These alanine amidase types were occurring in phage as well as in prophage endolysins. Type A1 was typical for Thermus phage P23-77 and Clostridium phage ϕCD27. Types A2 and A4 were found only in prophages, whereas type A3 was typical for Lis- teria phage PSA. Other alanine amidases, type A5, were of COG5632 model, N-acetylmuramoyl-L-alanine amidase involved in cell envelope biogenesis (Table 5 ).
The C-terminally located COG5632 model formed with MurNAc-LAA the other sequence type, A3. Identification of catalytic residue in this case was not resolved Fig. 7 . The sequence logo of VanY peptidase domains (cl00813) identified in the studied set of endolysin sequences. In the phage peptidase sequences of Gram-negative bacteria (Gammaproteobacteria) there was observed a conserved motif XHXTGXAXD (green rectangle). In this domain, the M15 typical C-terminal homology region with XEPWH motif (red rectangle) was identified. The highly conserved histidine from VanY XEPWH motif potentially forms a metal binding site in cooperation with also highly conserved a histidine and aspartic acid from loops located behind the N-terminal helices of VanY.
yet. Alanine amidases of sequence type A2 were composed not only of MurNAc-LAA catalytic domain, but also of domain Amidase02 C (pfam12123, EC 3.5.1.28). This domain was located at the C-terminus of the enzyme with the activity to hydrolyse the linkage betweenthe N-acetylmuramoyl residues and L-amino acid residues in certain cell wall glycopeptides. Alanine amidases of type A4 were accompanied by a putative binding motif, SH3 3 (pfam08239). Interestingly, type A5 alanine amidases, bearing COG5632, were appeared in the combination with carboxypeptidase catalytic domain, belonging to VanY superfamily (cl00813). This type was only found in prophage endolysin sequences. The other catalytic domains present less frequently were the PGRP (cd06583), AmiC (COG0860); Ami 2 (pfam01510) and Ami 5 (pfam05382), all predominantly being occurred in the sequences of phage endolysins.
Peptidase domains in endolysin sequences
These proteins are metallopeptidases belonging to the MEROPS peptidase family M15 (clan MD), subfamily M15B (vanY, D-Ala-D-Ala carboxypeptidase) and M15C (Ply, L-alanyl-D-glutamate peptidase) (Rawlings & Barrett 2009 ). In these enzymes, a zinc cation activates the water molecule. The ion is held usually by three amino acid ligands. The known metal binding amino acid residues are histidine, glutamic acid, aspartic acid or lysine, and at least one additional residue is required for catalysis, which may play an electrophillic role. Of the known metalloproteases, around a half contains an HEXXH motif, which has been shown in crystallographic studies to form part of the metal-binding site (Rawlings & Barrett 1995) . Alignment of the peptidase domains revealed conserved amino acids as well as regions. One region clearly distinguished the phage and prophage peptidases. There was a highly conserved serine S29 located N-terminally, presented in the majority of phage sequences with peptidase domains (data not shown). The exception involved M15 3 domain of Streptomyces albus G, Listeria phage 500, and Burkholderia phage KS9 endolysins. Prophage endolysin sequences with peptidase domains did not contain this residue conserved (Fig. 7) . In the studied set of prophage endolysin sequences, preferably VanY carboxypeptidases were identified, occurring independently of the Gram type. In the phage peptidase sequences of the Gram-negative bacteria (Gammaproteobacteria) there was observed a conserved motif XHXTGXAXD, and, on the other hand, in the Gram-positive ones, there was a highly conserved arginine R48.
The main homology region was located mostly within the predicted loop/β-sheet parts of enzyme, in the central part of the sequences, where serine and asparagine potentially tied the chain together, whereas the rather odd glycine and proline could redirect the chain to the proper positions. In the sequence of the Gram-positive VanY peptidase domain of Bacillus phages B4 and B5S as well as Listeria phages phiLM4 and 500, there was a highly conserved glycine in the motif KVXAAMKAXGFXW. N-terminally, two regions with α-helices were predicted, of which the second one contained conserved arginine and glutamine residues that may play a role in the protein solubility in the water. According to the crystal structure of Enterococcus faecium bacterial peptidase (PDB code: 1R44), the conserved histidine presence at the C-terminus of peptidase sequences was assumed. This C-terminally located homology region XEPWH could correspond to a part of metal-binding site (Fig. 7) . Comparing VanY features to the structure of M15 peptidase (PDB code: 1R44 A; Bussiere et al. 1998) , there was a clearly defined corresponding metal binding site containing a C-terminal highly conserved histidine (from the XEPWH region) functioning in cooperation with also highly conserved histidine and aspartic acid from loops located behind the N-terminal α-helices of VanY.
The typical endolysin sequence types for this endopeptidase in studied set of endolysins are shown in Table 6 . All sequence types were found in prophages, whereas type E1 occurred also in Thermus P23-77 phage. The VanY also occurred as an overlapping domain in the sequence types E2, E8, E9, and E11. VanY endolysins had a modular structure consisted of a Cterminal substrate-binding domain and a predicted Nterminal catalytic module (E1 to E3), but also of an inverse arrangement (E4 to E11).
There were six additional secondary domains identified, arranged in combinations or repetition with the catalytic domain. The first one was located Cterminally in the sequence type E3, and N-terminally in the types E8 and E9 (as a repetition), the putative peptidoglycan binding domain PG binding1 (pfam01471). This domain was composed of three α-helices. It can be found at the N-or C-terminus of a variety of enzymes involved in bacterial cell wall degradation. The PG binding1 domain is known to bind peptidoglycan experimentally (Briers et al. 2007 ). The E4 sequence type had two catalytic domains positioned C-terminally, VanY endopeptidase and LT GEWL lytic transglycosylase (cd00254). Auxiliary domain NLPC/P60 (cl11438) was identified in the type E6, but its function is yet unknown.
Proteasome assembly chaperone superfamily PAC2 was found N-terminally in the E7 sequence type. Surprisingly, in the E10 type, a truncated structural maintenance of chromosomes (SMC) prokA DNA binding protein located N-terminally was also presented. The SMC proteins are found in nearly all living organisms, playing crucial roles in mitotic chromosome dynamics, regulation of gene expression and DNA repair. (Cobbe & Heck 2004) .
Although with a few exceptions (Loessner et al. 1997 ) lysins do not have signal sequences, so they are not translocated through the cytoplasmic membrane to attack their substrate in the peptidoglycan. However, in the studied set of endopeptidases sequences types E5, E7 and E9-E11, the N-terminally located signal peptide sequences were predicted.
Discussion
Endolysins are a novel class of antibacterial agents with a very high potential to eliminate the bacteria in different environments. Here we studied the set of 251 sequences of phage and 8,173 of prophage endolysins retrieved from the NCBI database. These enzymes handle two basic operations: (i) recognition of substrate; and (ii) hydrolysis. This is realized by cooperation of the individual domains that are dedicated to these roles. Domains of phages with Gram-positive hosts consist of at least two clearly separated functional domains: (i) the N-terminal domain(s) with the enzymatic activity; and (ii) the C-terminally located cell wall binding domains directing the enzymes to their substrates. In this study, such modular structure of phage or prophage endolysins was determined in the vast majority of the studied Gram-positive ones. Catalytic domains were accompanied by different auxiliary, mostly binding, domains, especially in case of prophage endolysins. It must be taken into account that bacteria with such prophages present can adapt themselves to their needs, regarding the environmental pressure. But the primary task of the endolysins is to release progeny virions from the host cell. In this case, to assure the effective liberation of phages, the cell wall-binding domain may have evolved to target some specific and essential component of the cell wall of the host bacteria (Fischetti 2005) . This would explain the variability of these modules and generally species-specific highly lytic activity of endolysins. However, the sequence similarity of the catalytic domains within the major classes of endolysins, also confirmed in this study, may be explained at least in some cases (e.g., amidases) by the conserved character of the corresponding peptidoglycan bonds (Loessner 2005) . In contrast to the Gram-positive ones, endolysins from the Gram-negatives are often single module enzymes (e.g., endolysins encoded by T4, lambda) (Matthews & Remington 1974; Evrard et al. 1998) . Analysis of the set of endolysin sequences screened here also confirms that a modular composition is rare. A reasonable explanation, why only a small part of the endolysins from the Gram-negatives uses a peptidoglycan binding domain, is the higher evolutionary pressure on the Grampositive ones to conserve a substrate binding domain (Loessner 2005) . From the evolutionary point of view, it has been postulated that these enzymes may have evolved by the interchange of phage and bacterial genes encoding the individual modules. An evolutionary relationship between phage endolysins and bacterial lytic enzymes (autolysins) was originally proposed by Garcia et al. (1988) and it gained a strong support by the creation of functional chimeric phage-bacterial enzymes -one domain was of phage origin, whereas the other domain was of bacterial origin (Diaz et al. 1991) , or by the existence of natural chimeric endolysins of intergeneric origin (Sheehan et al. 1997) . Such an assumed evolutionary relationship between endolysins and autolysins would be another example of horizontal gene transfer between bacteriophages and their host bacterial cells, an event also reported for other genes (Hambly & Suttle 2005) . The development and preparation of chimerical endolysins from heterologous functional domains can be a good strategy to obtain highly effective and soluble peptidoglycan hydrolases, either with narrow or broad lytic spectrum (Yoong et al. 2004; Donovan et al. 2006; Becker et al. 2009; Manoharadas et al. 2009; Daniel et al. 2010; Idelevich et al. 2011; Pastagia et al. 2011; Fernandes et al. 2012) .
The set of sequences were analysed in silico by multiple sequence alignment for the presence of regions with high degree of similarity (homologies). It can be useful in future designing of specific endolysins to targeted applications. The biocontrol of foodborne bacteria spreading may be an example of potential application of designed endolysin. From this perspective, one can use purified enzymes directly added to foods (Zimmer et al. 2002) or recombinant bacteria secreting endolysin molecules to surroundings (Gaeng et al. 2000) . The multiple sequence alignment of endolysin sequences from the tested set revealed 65 sequence types with typical domains arrangement, divided according to the target substrate in bacterial cell walls. Bacteriophages as a source of these enzymes are well known to be the most abundant self-replicating units on Earth, so it can be expected that the number of here identified sequence types could be expanding. The five protein families of catalytic domains are, interestingly, occurring in dependence of bacterial host Gram-type. Domains belonging to lysozyme-like family (cl00222, cd00442), bacteriophage lambda lysozyme domain family (cd00736) and endolysin/autolysin domain family (cd00737) were designated as typical domains for Gram-negatives. On the other hand, as typical for the Gram-positives, domains belonging to GH25 muramidase1 (cd06413) family and alanine amidases belonging to superfamily MurNAc-LAA (cl02713) were determined. In the prophage endolysin sequences there was observed a higher tendency to accompany the catalytic domain with auxiliary domains, either with another catalytic or binding domains, in some cases doubled or tripled. Phages endolysin sequences were found to be more rigorous. The substrate, N-acetyl-D-glucosamine, stacking amino acid residue was identified in the lysozyme-like family (cl00222, cd00442) where consensus sequence of alignment (Fig. 2b) was compared with resolved structure of lysozyme (PDB code: 154L A; Weaver et al. 1995) . In another endopeptidase domain, VanY (M15B, D-Ala-D-Ala carboxypeptidase), M15 typical C-terminal homology region with HEXXH motif was identified (in the case of VanY XEPWH motif). The highly conserved H from VanY XEPWH motif was predicted to form a metal binding site in cooperation with also highly conserved histidine and aspartic acid from loops located behind the N-terminal α-helices of VanY (Fig. 7) .
Observations from in this study can be of help for selecting the appropriate catalytic as well as binding domain as a target for mutagenesis, domain swapping or fusion endolysins. Construction of chimeras, taking the advantage of heterologous, highly soluble endolysin functional domains, may represent a solution for how to obtain large amounts of active lytic enzymes with retargeted and/or extended lytic spectrum relative to parental endolysins. This approach opens a way to eliminate pathogenic bacteria, independently on the Gramtype, in different environments, where the bacterial contamination and spreading are the critical points.
